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Cosmogenic activation

What is it?
How does it impact experiments?

How well we can model it?
How to control it?
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Cosmic Ray interactions

n Electromagnetic 
component stopped in 
atmosphere

n Hadronic (n) component 
penetrates a few m

I(mwe) ~ Io e-mwe/[1.5m]

[3H in rock, arxiv:1607.08770]

n Deep underground, only 
high-energy muons can 
produce nuclear reactions

n Neutrinos? [HALO expt…]
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3 Background characterization in underground experiments

3.1 Background Sources

Figure 3.1: Schematic representation of cosmic-ray induced shower. Among the secondary cosmic-

rays there are muons interacting with the rock nuclei producing neutrons [75].

orders of magnitude. Most of them are stopped by the terrestrial atmosphere, in

interactions that produce a cascade of secondary particles from a single energetic

particle, as is shown in Fig. 3.1. Natural radioactivity due to the contamination

present in any material is the other background source. In Fig. 3.2 a schematic

representation of background sources for dark matter experiments is given.

63
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Isotope yield

n Cosmic ray flux F0

n Attenuation of flux in matter (mostly: n, µ ): Fµ,n(z)

n Cross-section s for production of isotope X on a target Y

n Production during a time tprod : s F (1-exp(-tprod/t))

n Decay of Y during a time tdecay : exp(-tdecay/t)

November 23rd, 2018 Cosmogenic activation
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Uncertainties in neutron flux

n Parameterizations: 
Gordon (New York data), 
Ziegler

n Models: Activia, MCNPX, 
COSMO, GEANT4, 
FLUKA, … (see 
Kudryavtsev, LRT2017)
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Neutron spectra at sea level 

n  Parameterisations: Ziegler, IBM J. Res. Develop. 42, 
117–140 (1998) and Gordon et al., IEEE 
Transactions on Nuclear Science 51 3427 (2004). 

n  Normalised CRY: http://nuclear.llnl.gov/simulation/
main.html (CRY accounts for primary protons only).. 

n  Top left graph from: V. Lozza and J. Petzoldt. 
Astroparticle Physics, 61 (2015) 62. 

n  Top right graph from: C. Zhang et al. Astroparticle 
Physics, 84 (2016) 62. 

Vitaly Kudryavtsev LRT2017, 24-26 May 2017 6 

Neutron spectra at sea level 

n  Parameterisations: Ziegler, IBM J. Res. Develop. 42, 
117–140 (1998) and Gordon et al., IEEE 
Transactions on Nuclear Science 51 3427 (2004). 

n  Normalised CRY: http://nuclear.llnl.gov/simulation/
main.html (CRY accounts for primary protons only).. 

n  Top left graph from: V. Lozza and J. Petzoldt. 
Astroparticle Physics, 61 (2015) 62. 

n  Top right graph from: C. Zhang et al. Astroparticle 
Physics, 84 (2016) 62. 

Vitaly Kudryavtsev LRT2017, 24-26 May 2017 6 
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Attenuation of flux

n Neutron flux 
calculator

November 23rd, 2018 Cosmogenic activation

Neutron spectra at different altitudes 

Vitaly Kudryavtsev 

Correction for altitude (from Ziegler) 

LRT2017, 24-26 May 2017 8 

Relative neutron flux calculation: http://seutest.com/cgi-bin/FluxCalculator.cgi 

From Hess 
et al. PRD 
116 (1959) 
445. 
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Production Cross-SectionsProduction cross-sections 

n  Production cross-sections (excitation functions) of 68Ge and 60Co in natural Ge 
(Cebrian et al. Journal of Physics, Conference series, 39 (2006) 344; Cebrian et al. 
Astroparticle Physics, 33 (2010) 316; Review by Cebrian at LRT2013). 

n  Cross-sections:  
o  Silberberg, Tsao and Barghouty. Astrophys. J., 501 (1998) 911; YELDX. 
o  MENDL-2/2P libraries: https://www-nds.iaea.org/publications/iaea-nds/iaea-

nds-0136.htm. 

Vitaly Kudryavtsev Vitaly Kudryavtsev LRT2017, 24-26 May 2017 4 

68Ge 

60Co 
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Production Cross-Section at Low EnergyProduction cross-sections 

n  Evaluated Nuclear Data File – ENDF (used in 
GEANT4, G4NDL). 

n  Experimental Nuclear Reaction Data, EXFOR. 
n  TENDL (-2015) – output from TALYS. 
n  From Zhang et al. Astroparticle Physics, 84 

(2016) 62.  
n  ACTIVIA (Silberberg and Tsao): J. J. Back and 

Y. A. Ramachers, Nucl. Instr. and Meth. A586 
(2008) 286. 

Vitaly Kudryavtsev LRT2017, 24-26 May 2017 5 
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Impact in Argon
n Huge impact on low-energy background of 

removal of cosmogenic background of 39Ar

November 23rd, 2018 Cosmogenic activation

!26

URANIA and ARIA

•URANIA - UAr extraction in 
Colorado 

•ARIA - cryogenic distillation of 
UAr in Sardinia

25
 M

SERUCI-0 pilot plant

DarkSide
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Impact: 60Co activation in Cu
Ex. of measurement: Baudis et al., EPJ C 75 (2015) 485 

n Exposure of 10.35 kg Cu (OFHC) to cosmic rays 3470 m above 
sea level (x11) for 345 days

n 60Co activation (at saturation): 340+82
-60 µBq/kg (but others: x3)

n Not dominant g background wrt U/Th + 40K [see eg LUX: AP 62 
(2015) 33; Majorana NIMA 828 (2016) 22]… but with efforts

November 23rd, 2018 Cosmogenic activation

485 Page 4 of 9 Eur. Phys. J. C (2015) 75 :485
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Fig. 2 Pre- and post-activation spectra of the 2.04 kg xenon sample.
One can identify the 127Xe lines at 202.9 and 375.0 keV, and the 126I
line at 388.6 keV. Other prominent lines are from radioactive contam-

inations in the stainless steel bottle containing the xenon (primordial
238U and 232Th chains, 40K, cosmogenic 54Mn, 60Co)
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Fig. 3 Pre- and post-activation spectra of the 10.35 kg OFHC copper sample. The entire post-activation spectrum is dominated by the cosmogenic
activation products

posterior PDF and the left edge of the shortest 68.3 % cred-
ibility interval (C.I., green region in Fig. 4a–d) are positive,
we calculate an activity, using the mode of the posterior PDF
as its estimator and the shortest 68.3 % C.I. as ±1σ uncer-
tainty. If only the global mode is positive, but the left edge
of the shortest 68.3 % C.I. is zero, we report an upper limit
as the signal is too weak to be determined. The upper limit is
given as the 95.5 % quantile of the posterior PDF (the right
edge of the yellow region in Fig. 4e, f).

Because the half-lives of several examined isotopes are
comparable to the integral time of the measurement, the mea-
sured mean specific activity A can significantly differ from
the one at the beginning of the measurement

A0 = A ·
(
t
τ

) (
1 − e−t/τ )−1

, (3)

where τ is the isotope’s mean lifetime, and t is the measure-
ment time.

The production rates at Jungfraujoch AJ are calculated
from the specific activities at the start of the measurement
A0, taking into account the activation time ta and the cool-
down time tc. For short-lived nuclides, we must also take into
account the rather short time interval tt , where the samples
were exposed to a reduced cosmic ray flux during storage and
transportation at lower altitudes, leading to a lower activation
rate At . The corrected specific activity AJ is

AJ = A0e
(
tc+tt

τ

) [(
1 − e−ta/τ

)
+ r

(
ett/τ − 1

)]−1
, (4)

where r = At/AJ is the ratio of vertical nucleon fluxes at
Lauterbrunnen and the Jungfraujoch. We combine the storage
and transport time to tt = 5 days and assume an altitude of
795 m for the whole period. The specific activity of a sample
of mass m after an activation time ta is

A(ta) =
N (ta)
m τ

= P
(
1 − e−ta/τ

)
. (5)

123
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Impact: 3H in Ge
n 3H is dangerous for low-energy searches:                     

low end point (18 keV) large half-life (12 y)

n Expected to be the main background for SuperCDMS
SNOLAB Ge-HV search for low-mass WIMPs

November 23rd, 2018 Cosmogenic activation

Data	Set	0 – Comparison	

Brandon White 13

Phys.	Rev.	Lett.	118,	161801	(2017)

The	reduction	in	the	low	
energy	events	can	be	seen	
between	our	enriched	and	
natural	detectors.

The	natural	detectors	
spent	significant	surface	
time	in	Los	Alamos	and	
production	was	not	closely	
tracked.

MAJORANA

Compared to 
5-10-20 GeV 

WIMPs

EDELWEISS 
measurement: 
82±21 atom/day/kg
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Good Impact? Bulk Calibration…

n Cosmogenic activation 
is uniform over the 
entire volume:     
useful for low-energy 
calibration of massive 
detectors and fiducial 
volume measurements

n However thermal 
neutron activation 
(here: 71Ge) is more 
selective & cleaner

November 23rd, 2018 Cosmogenic activation
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Production yield measurement in TeO2

CUORE, PRC 92 (2015) 024620

n Replace cosmic rays with (→800 MeV) n and (→28 GeV) p beams

n Measure activation of TeO2 powder with Ge

n Check that T1/2>1y isotopes with Q>2.5 MeV have negligible 
impact on backgrounds in region of interest for 2b0n

November 23rd, 2018 Cosmogenic activation
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FIG. 4. 3-day-long �-ray spectrum collected for the TeO2

powder four months after the neutron irradiation. (a) Full
spectrum. (b) A region of the spectrum where 110mAg peaks
were observed. Labeled peaks are associated with the decay
of isotopes with Q values greater than the Q�� of 130Te, i.e.,
110mAg (red and bolded), 124Sb (blue), and 126Sb (black).
Other peaks in the region are from the decays of 125Sb,
129mTe, 105Ag, and 114mIn.

is provided in Table II. Since �-ray measurements started
one week after the neutron irradiation ended, only acti-
vated isotopes with half-lives greater than ⇠1 day re-
mained. Therefore, any observed isotope with a shorter
half-life was a decay daughter of a longer-lived isotope.
For example, the presence of 127Te (9.35-hour half-life)
and 129Te (69.6-minute half-life) was due to the decays
of the longer-lived metastable states 127mTe and 129mTe,
respectively.

D. Photopeak e�ciencies

The �-ray measurements of the TeO2 powder needed
to be highly sensitive to long-lived radioisotopes, which
had low levels of activity inside the powder. To maximize
the detection e�ciency, the powder was counted imme-
diately next to the detector (Figure 3). Determination
of the photopeak e�ciencies for the TeO2 powder from
calibration measurements alone was impractical due to
the complexity of the counting geometry and the e↵ects
of true-coincidence summing, which can be significant at

such close range. Therefore, the e�ciencies were obtained
by running simulations with the Geometry and Tracking
4 (GEANT4) code, version 4.9.4.p02, which were bench-
marked against experimental measurements of various
point and extended �-ray sources (Table III) that cov-
ered a wide range of �-ray energies.
For the benchmarking measurements, the 57Co and

54Mn point sources were each counted at the center of
the detector face and at four positions along the side of
the detector that were spaced 2 cm apart and spanned
the length of the HPGe crystal. The uranium source
was counted on the side of the detector as well. Fol-
lowing the natural-source method [36], the two extended
sources, ES1 and ES2, were constructed from powders
that contained elements with naturally-occurring long-
lived radioisotopes. ES1 was designed to mimic the ge-
ometry of the irradiated TeO2 powder during the �-ray
measurements, and ES2 was designed to mimic both the
geometry and density of the powder. Photopeak e�cien-
cies were obtained for all the � rays listed in Table III.
In addition, the total e�ciency, which is needed to de-
termine summing corrections, was obtained for the two
57Co � rays (122.06 keV and 136.47 keV) and the 54Mn
� ray (834.85-keV).
The benchmarking measurements were simulated using

GEANT4. Each simulation included the HPGe detector,
the �-ray source, and the lead and copper shielding. For
each � ray of interest, the entire decay scheme of the par-
ent nucleus was simulated. Angular correlations between
coincident � rays were not taken into account; however
at close distances to the detector, the e↵ects on the pho-
topeak e�ciencies are largely averaged out and are thus
small.
Each simulated photopeak or total e�ciency (✏s�) was

compared with the measured value (✏m�), and the per-
cent di↵erence was determined:

�✏� =
✏m� � ✏s�

✏s�
⇥ 100%. (1)

Using the manufacturer’s detector specifications in the
simulations resulted in �✏� values that ranged from ap-
proximately -10% to -35%, with the agreement between
simulation and measurement worsening at lower �-ray en-
ergies. This kind of disagreement, especially overestima-
tion by the simulation, has been seen in other studies that
model the �-ray e�ciencies of HPGe detectors using the
geometry provided by the manufacturer (e.g., Refs. [37–
40]). Typically, the discrepancies have been attributed to
physical characteristics of the detector (crystal location,
Li-di↵used-contact thickness, etc.) that are di�cult for
the manufacturer to precisely specify. When the source
is counted close to the detector, small uncertainties in
the detector’s parameters can have significant e↵ects on
the �-ray e�ciencies.
The adjustments listed in Table IV were applied to the

detector geometry in GEANT4 to make the e�ciencies
from the simulations more closely match those from the
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Underground Production Measurement
n Kamland, Borexino: measure cosmogenic isotope 

production correlated with muon track (<Eµ> ~ 270 GeV)

n Ex: Borexino, JCAP 1308 (2013) 049, arXiv:1304.7381

November 23rd, 2018 Cosmogenic activation

Activation underground: Borexino and 
Kamland 

Vitaly Kudryavtsev 

Looking at a certain time windows and 
energy ranges after the muon trigger. 
Event should not be far from the muon 
track. 
From Borexino Collaboration, JCAP 1308 
(2013) 049, arXiv:1304.7381. 

LRT2017, 24-26 May 2017 18 

Borexino 

Vitaly Kudryavtsev LRT2017, 24-26 May 2017 19 
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Production yield measurement in Si
n 32Si b- decay may be an important bkg for CDMS SNOLAB Si-HV

n Origin: spallation of Ar in atmosphere

n Decay cascade:
32Si b- ⇒ 32P     Q = 227 keV T1/2 = 150 y
32P  b- ⇒ 32S     Q = 1.7  MeV    T1/2 = 14 d

n DAMIC CCD: from observed 13 Si/P pairs with <7 pixel separation and 
<70 days apart, deduce a production rate of 80+110

-65 atoms/kg/day 
@95%CL. Reconstruction efficiency: 49%.

November 23rd, 2018 Cosmogenic activation
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Control of exposure
Example: MAJORANA, NIMA 779 (2015) 52

November 23rd, 2018 Cosmogenic activation

This subsection addresses the issues associated with part tracking
logistics for each stage in turn.

2.1.1. Primary construction materials
Most components in the DEMONSTRATOR are custom made by the

MAJORANA Collaboration or its contracted vendors and are designed to
be as low-mass and radio-pure as possible. In addition to the
germanium crystals used as both the sources and the detectors for
the neutrinoless double beta decay experiment, the MAJORANA Colla-
boration electroforms the world's purest copper [8,9] on stainless
steel mandrels in an underground electroforming facility (Fig. 1(a)) at

SURF. These two materials comprise the largest masses of materials
used in the inner portions of the DEMONSTRATOR's detector system.

Furthermore, of the various materials used in the inner detec-
tor system, copper and germanium are the most impacted by
cosmogenic activation. As germanium is the sensitive detection
media in the experiment, cosmogenic activation of the germanium
crystals directly contributes background events. The cosmogenic
isotope 68Ge is a particular concern as the daughter isotope 68Ga is
also radioactive and can produce background events in the same
energy range as those of the sought-after neutrinoless double beta
decay signal of 76Ge.

The electroformed copper's value to the experiment is its ultra low
concentrations of uranium and thorium, making it an excellent low-
background construction and shielding material. This low background
material is potentially squandered if cosmogenic activation creates
elevated levels of 60Co, hence the desire to shield the electroformed
copper from surface levels of cosmic rays. In the following subsections
the fabrication of copper parts is used to showcase the implementa-
tion of cosmogenic activation tracking in the PTDB.

2.1.2. Part fabrication
To keep as much material as possible from leaving the shielding

of the SURF underground, the MAJORANA Collaboration operates a
clean machine shop at the 4850 ft. level of SURF. The material
origin and manufacturing history (parent stock tree and machin-
ing operations) of each part is recorded in the database, as well as
any storage, transportation, or other processes a part undergoes.

To uniquely identify parts and stock used by the DEMONSTRATOR a
serial number is laser engraved into metal and plastic parts. Some
parts are too large or small to be easily engraved, or are otherwise
unsuitable for laser engraving, and these components are identi-
fied by metal stamps or labels. Groups of small identical parts are
bagged together and a range of serial numbers is listed on the bag.

In addition to the germanium and copper used in the DEMONSTRA-

TOR, steel, PTFE, and other plastics are present in smaller amounts.
Within this limited palette of construction materials the parts – once
cleaned – are visually nearly indistinguishable. This is especially a
concern for distinguishing underground electroformed copper from
commercial copper which is used in some circumstances and for
prototyping test components. Distinguishing visually identical parts
produced from different stock material is one of the vital aspects of
the part tracking implementation and use.

The relationship of source materials to the manufactured parts
or derived small stock materials is tracked within the PTDB. This
relationship is called “parent–child” in which the original material
is the parent and the derived part or smaller stock is the child. In
Fig. 1, steps (c), (d), and (e) result in “children” treated as new
parts. When a parent–child relationship is established the child
record inherits the parent record's material type. The parent–child
relationship is strictly one to many. No part can have more than
one parent, as the parent–child link represents a reducing process,
such as machining parts or cutting cables.

The types of history entries attached to part records include
storage, transportation, machining, and a generic process entry. A
history entry refers to one or more locations, a list of which is
stored in a separate document in the database. In this list, each
location has address meta-data associated with it, and the storage
and transportation entries can be used to estimate exposure to
cosmic rays. This is especially important if, as in step (f) of Fig. 1,
parts must be taken above-ground for some reason, a typical
example being electron beam welding of joints that must hold
high-vacuum, or individual parts such as tie rod bottom nuts.

Machining a part irreversibly changes its structure. Many subtle
details may differentiate two otherwise very similar looking parts.
Tracking the machining date, machinist, and MAJORANA drawing number

Fig. 1. The life of a part, from commercial copper pellets to finished assembly, is
illustrated above. Each smaller stock piece or part created from a parent stock piece
receives a new serial number for tracking. Storage, transportation, and processes
such as machining or cleaning are tracked for each part and referenced when parts
are selected for use. When an assembly is created from completed parts the
components are linked to a new assembly record in the database.

N. Abgrall et al. / Nuclear Instruments and Methods in Physics Research A 779 (2015) 52–6254

The above described method of constructing the transportation
and storage records for the PTDB necessarily builds-in some
uncertainty associated with the time spent in FedEx Freight
facilities, effectively under a “storage” condition. Examining the
results presented in the lower half of Table 1 shows that the sea-
level equivalent cosmic ray exposure is predominately accumu-
lated while in storage at these FedEx facilities. Specifically, for part
P34F4 it is estimated that 11.8 days of sea-level equivalent cosmic
ray exposure is accumulated in the FedEx Freight facilities while
only 5.8 days sea-level equivalent cosmic ray exposure is accumu-
lated during physical transit. These observations suggest adding a
GPS recorder to shipments to provide a more readily understand-
able location history or even coupling the PTDB and cosmic ray
exposure estimates with methods for assessing the cosmic ray flux
along the route [17].

3. Web application structure

The data-entry web application is written completely in Java-
Script and is served from the same CouchDB instance which holds
the data. An object-oriented style is used with a Model-View
decomposition provided by the Backbone.js framework. Parts,
assemblies, and history records are represented by models. They
are contained in two singleton collections (see Fig. 4) which act as

mediators. Messages passed to the mediators from views or
models trigger inter-model linking such as adding a history entry
to a part. The view objects listen to events from and update both
the models and the user interface. Application level views listen
for events from the mediating collections and create or destroy
record views as needed.

Database interactions are abstracted by a singleton controller,
enhancing error handling for database requests and providing
functionality such as serial number generation and cloning. Other
controllers handle data validation, Backbone router-based web-
page navigation and data caching. The form-based data entry style
of the application is made richer with a set of form models, views,
and collections. They provide interactivity beyond standard HTML
forms and specify an API for generating JSON from the data they
contain.

3.1. Models

The real-life items of interest in the Parts Tracking Database are
the parts and assemblies which compose the experiment's hardware.
These items are represented in the web application by the DBRecord
model type, which is the parent of PartRecord and AssemblyRecord.
The attributes of these models point to FormCollection instances,
which hold Form model objects.

Table 1
FedEx Tracking information (upper left table) and the inferred set of transportation and storage record entries for the PTDB (lower table). All dates occur in the calendar year
2012. The figure shown in the upper right presents the altitude variation experienced by the part during shipment, with a notable day long stop in Denver, CO located at the
red arrow.

N. Abgrall et al. / Nuclear Instruments and Methods in Physics Research A 779 (2015) 52–62 59

Predicted	68Ge	in	Detector	P42537A
Estimations	made	from	measured	cross	section	and	database	information.	
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Control

n Production in underground lab

n Storage in underground lab

n Adapt production process to reduce exposure

n Shallow labs? (remove hadronic component)

n Measurements to further tests present codes

November 23rd, 2018 Cosmogenic activation


